A polyclonal antibody was used to localize a glycine-rich cell wall protein (GRP 1.8) in French bean hypocotyls with the indirect immunogold method. GRP 1.8 could be localized mainly in the unlignified primary cell walls of the oldest protoxylem elements and also in cell corners of both proto-and metaxylem elements. In addition, GRP 1.8 was detected in phloem using tissue printing. The labeled primary walls of dead protoxylem cells showed a characteristically dispersed ultrastructure, resulting from the action of hydrolases during the final steps of cell maturation and from mechanical stress due to hypocotyl growth. Primary walls of living protoxylem and adjacent parenchyma cells were only weakly labeled. This was true also for the secondary walls of proto-and metaxylem cells, which in addition showed high background labeling. lnhibition of lignification with a specific and potent inhibitor of phenylalanine ammonia-lyase did not lead to enhanced labeling of secondary walls, showing that lignin does not mask the presence of GRP 1.8 in these walls. Dictyosomes of living proto-and metaxylem cells were not labeled, but dictyosomes of xylem parenchyma cells without secondary walls, adjacent to strongly labeled protoxylem elements, were clearly labeled. These observations suggest that GRP 1.8 is not produced by xylem vessels but by xylem parenchyma cells that export the protein to the wall of protoxylem vessels.
INTRODUCTION
The composition of the plant cell wall varies during development and is characteristic for a specific cell type. Most of the well-known differences between walls of different cell types are dueto specific polymers such as cutin (in epidermal cells) and lignin (in xylem tracheary elements as well as in phloem fibers). Only recently, it was found that structural proteins also are highly specific for certain cell types. Hydroxyproline-rich glycoproteins (HRGP) in soybean seed coats were found specifically in sclerenchyma (Cassab and Varner, 1987) . The promoter of a tobacco HRGP expressed a reporter gene only at sites of lateral root initiation, indicating that this particular HRGP is involved in strengthening the cell walls at the tip of the emerging lateral root . Besides HRGPs (reviewed by Cassab and Varner, 1988) , plant cell walls contain proline-rich (Datta et al., 1989; Hong et al., 1989) and glycine-rich (Condit and Meagher, 1986; Keller et al., 1988; Condit et al., 1990) proteins. Genes encoding glycine-rich proteins (GRPs) were also described in rice (Lei and Wu, 1991) , barley (Rohde et al., 1990) , tomato (Showalter et al., 1991) , and Arabidopsis (de Oliveiraet al., 1990) . Severa1 other plant species also contain immunologically related GRPs (Condit and Keller, 1990; .
In bean, two GRPs (1.8 and 1.0) were found. GRP 1.8 was immunologically localized in the vascular system (Keller et al., To whom correspondence should be addressed.
1988), with the strongest reaction in the protoxylem tracheary elements as determined by light microscopy. and have used the bean GRP 1.8 gene as a hybridization probe and an anti-GRP 1.8 serum for immunolocalization of GRPs in other plant species. In tomato, petunia, and tobacco stems, GRP mRNAs were most abundant in primary xylem and the cambium region. lmmunolocalization with the antibody against GRP 1.8 also demonstrated GRPs in xylem elements and in phloem. In soybean as well, GRPs were detected in phloem, primary xylem, and secondaryxylem. Thus, association of GRPs with the vascular system and with xylem in particular was found in many higher plants. However, none of the above studies analyzed the ultrastructural localization of GRPs in xylem. In general, little is known about the distribution pattern of structural proteins within the cell wall.
Mature protoxylem vessels often fulfill their function of water and solute transport during a period of intense longitudinal growth of the surrounding tissues. Their secondary walls are deposited in the form of lignified annular, helical, or reticulate thickenings, allowing the functioning of the protoxylem for some time during a period of passive stretching.
The primary cell walls of protoxylem elements are not lignified, whereas in secondary xylem and partly also in metaxylem they are lignified (Barnett, 1981) . This was shown by the differential effect of hydrolases on lignified and unlignified walls (O'Brien, 1970; Esau and Charvat, 1974) and by staining reactions in the light and electron microscope (OBrien, 1974; Catesson, 1983) . In carnation vessels, whether the primary walls are lignified or not, lignification begins at the basis of the secondary thickenings, when the thickening has reached between one-third and one-half of its final thickness. Then, lignin deposition continues in the basal part of the wall while progressing inward (Catesson, 1983) . After completion of lignification, the living protoplast is destroyed by autolytic processes, and the unlignified primary walls are partially degraded by the remova1 of hemicellulosic polysaccharides. After cell death, the partly hydrolyzed primary walls are further modified mechanically by stretching. Keller et al. (1990) showed that, by using a specific inhibitor of phenylalanine ammonia-lyase, lignin biosynthesis could be inhibited in vascular tissues without affecting the localization of GRP 1.8. They concluded that deposition of GRP 1.8 is independent of lignification in xylem. However, the possibility remained that lignification was dependent on deposition of GRP 1.8. In the present study, we show, by immunogold labeling on ultrathin sections, that GRP 1.8 is localized mainly in the unlignified primary walls of the protoxylem and that deposition of GRP 1.8 and lignification are most probably independent processes. In addition, we present evidence that GRP 1.8 is mainly synthesized in xylem parenchyma cells that export the protein to the walls of mature protoxylem only after the death of protoxylem cells.
RESULTS

Developmental Regulation of GRP 1.8 Synthesis in Vascular Bundles of Hypocotyls
To determine the developmental regulation of GRP 1.8 synthesis, we used tissue printing followed by immunodetection as a fast method for the analysis of protein deposition in different cell types. In Figure 1 , deposition of GRP 1.8 is shown at different ages of hypocotyls. GRP 1.8 is first detectable in primary xylem of hypocotyls shortly after germination ( Figures  1A and 16 ). Eight days after germination, immunoreaction was also detected outside of the future ring of lignifying xylem cells ( Figures 1C and 1D ). This reaction was first associated with the vascular bundles. Nine to 10 days after germination, similar immunoreactive spots were seen all around the future ring of lignified xylem elements ( Figures 1E and 1F ). This immunoreaction colocalizes with an aniline blue fluorescence that stains phldem tissue ( Figure 1G ). We conclude therefore that GRP 1.8 is also deposited in phloem tissue in French bean. This deposition in phloem occurs later than in xylem. In contrast to xylem, where lignin deposition and GRP synthesis are always observed together, no lignin is yet deposited in phloem tissue when GRP 1.8 can be detected (data not shown).
By a combination of light and electron microscopy, it was found that in the youngest hypocotyls examined (5 cm) mature protoxylem elements were already present. In the oldest hypocotyls (15 cm), different types of protoxylem elementsas well as lignified, pitted metaxylem elements-were observed, and secondary wall formation and lignification had started in other cell types surrounding the metaxylem elements. In the phloem, collapsed sieve tubes of the protophloem were found in hypocotyls of 7 cm, whereas mature phloem fibers were not observed even in the 15-cm hypocotyls.
Ultrastructural Localization of GRP 1.8 in Mature Protoxylem Cells GRP 1.8 had been found previously in a purified cell wall fraction (Keller et al., 1988) . To determine its ultrastructural localization, we used immunoelectron microscopy on ultrathin sections of epoxy-and Lowicryl K4M-embedded hypocotyls after glutaraldehyde fixation. Part of the epoxy-embedded material was postfixed with OsO4. GRP 1.8 was found mainly in the modified primary walls of the protoxylem elements, and the secondary cell wall thickenings were relatively weakly labeled, as shown in Figure 2 . Qualitatively similar results were obtained with epoxy-and Lowicryl-embedded hypocotyls. Even after Os04 postfixation, the characteristic labeling of the modified primary walls was clearly visible (data not shown).
The absence of an intact primary wall in the two protoxylem elements shown in Figure 2 is obvious. An indication that the dispersed materials are really remnants of the primary walls is their parietal localization. In addition, in severa1 mature protoxylem elements, intact stretches of primary walls could be observed, as well as transitions to more dispersed states. The intact primary walls were strongly labeled, and this labeling contrasted sharply with the very weak labeling observed in the primary walls of the neighboring parenchyma cells (data not shown). At higher magnification, fibrillar and amorphous components can be recognized in the modified primary walls, and the labeling with GRP 1.8 antibody is associated with the amorphous components.
It was difficult to evaluate the significance of secondary wall labeling because of the variable background observed over secondary walls after treatment with rabbit control serum. The controls run with secondary antibody alone were, however, always very clean (data not shown).
We attempted to resolve the problem of the localization of GRP 1.8 in secondary walls by quantifying colloidal gold labeling. Gold particles were counted over lignified secondary walls, modified primary walls of protoxylem elements, primary walls of adjacent xylem parenchyma cells, and, as reference spaces, vacuoles of xylem parenchyma cells. The results obtained for epoxy-embedded hypocotyls are shown in Table 1 . The only significant labeling was observed over the modified primary walls. The labeling of secondary walls was not significantly different from the labeling of vacuoles. In a typical, mature protoxylem cell (as shown in Figure 2 ), 95% of the colloidal gold grains were found over the modified primary walls. Similar results were obtained with tissues embedded in Lowicryl K4M, The modified primary walls (mw) of the protoxylem elements (Px) are strongly labeled. The secondary walls (sw) are weakly labeled, but some labeling is also present in control preparations. The primary walls (pw) of the xylem parenchyma cells (Xp) remain unlabeled. This is a crosssection of a Lowicryl K4M-embedded hypocotyl (7-cm long). Bar = 1 urn. Vacuoles of adjacent cells a Significantly different from labeling of vacuoles (P < 0.01).
but overall labeling appeared to be more intense, as shown in Tables 2 and 3 , when compared to epoxy-embedded material ( l a b l e 1). A discrepancy was noted, however, in the labeling of secondary walls (Tables 1 and 3 ). Significant labeling of secondary walls was sometimes observed in Lowicryl-embedded hypocotyls but not in epoxy-embedded ones. In both embedding media, the secondary walls were characterized by relatively high background labeling after treatment with unspecific rabbit serum.
lnhibition of Lignification and Localization of GRP 1.8
To test the possibility that lignin interferes with the immunological detection of GRP 1.8 in secondary walls, lignification was inhibited with 2-aminoindan-2-phosphonic acid (AIP), a specific and potent inhibitor of phenylalanine ammonia-lyase (Zon and Amrhein, 1992) . In AlP-treated bean seedlings, the typical secondary wall thickenings of xylem elements were formed but could no longer be stained with phloroglucinol-HCI, as shown in Figure 3 . In the electron microscope, unlignified thickenings showed very low contrast as compared to their lignified counterparts in control sections.
The labeling patterns in AlP-treated and control preparations were qualitatively similar (Lowicryl K4M-em bedded hypocotyls). Quantitative results are shown in Tables 2 and 3 . lnhibition of lignification did not lead to enhanced labeling with GRP 1.8 antibodies. Rather, the labeling of secondary walls appeared even to be reduced after AIP treatnient. A discrepancy in secondary wall labeling was noted again. In one experiment, significant labeling of secondary walls was observed with AIP ( Table 2) , whereas in the other experiment significant labeling was not observed (Table 3 ).
Localization of GRP 1.8 in Living Xylem Cells and ldentification of GRP 1.8-Synthesiring Cells
Young living protoxylem cells with helical or reticulate wall thickenings and living metaxylem cells showed weak labeling over vacuoles, and secondary and primary walls. Significant labeling was only found in cell corners, as shown in Figure 4 . Lignification in the observed living cell types had already started. No significant labeling was observed over 40 dictyosomes observed in living proto-and metaxylem cells. Significant labeling was observed, however, over 27 dictyosomes of xylem parenchyma cells, as shown in Figure 5 . The parenchyma cells had not yet elaborated secondary walls and were always found next to strongly labeled (dead) protoxylem elements. These results suggest that GRP 1.8 is not synthesized by protoxylem cells themselves but rather is exported from xylem parenchyma to the walls of dead protoxylem cells.
Localization of GRP 1.8 in Metaxylem, Pit Membranes, and Phloem
Unlignified pit membranes between older xylem elements, characterized by the hydrolyzed appearance of the membrane, were not clearly labeled, as shown in Figure 5 . Furthermore, no significant labeling was found over cell walls in phloem and parenchyma tissues. In the phloem, mature sieve tubes and especially the collapsed sieve tubes of protophloem were closely examined, but no clearly labeled structures could be identified. The localization of GRP 1.8 in mature metaxylem was studied in the light microscope on paraffin-embedded hypocotyls. As can be seen in Figure 6 , the secondary walls of metaxylem are not labeled, in contrast to the heavily labeled protoxylem cell walls. However, at the position of the cell corners, strong localized labeling is present. The labeling of cell corners in mature metaxylem vessels was also confirmed by electron microscopy. The cell walls of these vessels were strongly lignified as indicated by phloroglucinol staining (data not shown).
DISCUSSION
Localization of GRP 1.8
In this paper, it is shown that GRP 1.8 can be localized on ultrathin sections of epoxy-and Lowicryl-embedded tissue, after aldehyde fixation and to some extent even after OsO 4 postfixation. In hypocotyls of different lengths, GRP 1.8 was localized in the unlignified primary walls of the oldest protoxylem vessels and in cell corners around younger protoxylem as well as metaxylem vessels. By comparison, the secondary cell walls were weakly labeled. In Lowicryl-and epoxy-embedded hypocotyls, the secondary walls attracted much more background labeling than other cell compartments after incubation in control serum. This background labeling persisted, at least in part, after pretreatment with AIP, suggesting either that lignin is not the only cause of background or that inhibition of lignification was not complete. The important question about whether secondary walls contain GRP 1.8 cannot be answered conclusively. To obtain more clearcut results, it will be important to be able to reduce the background specifically observed over this cell compartment. GRP 1.8 could be localized in unlignified phloem tissue of hypocotyls after tissue printing. In earlier studies, GRP 1.8 was not detected in phloem (Keller et al., 1988) . Possibly, the improved tissue printing method that we used here was responsible for the better sensitivity because it removes a lot of antigen from the tissue. In thin sections, however, in the light as well as in the electron microscope, we could not detect GRP 1.8 in the phloem. We think that at the observed developmental stage GRP 1.8 is present in the phloem in the apoplast in a soluble form, whereas in the xylem the protein B T T becomes insolubilized, as was shown previously by .
GRP 1.8 and the Lignification Process
Compared to the increasing lignification observed in hypocotyls of increasing length, the labeling pattern obtained with the GRP 1.8 antibody remained rather static: the oldest protoxylem elements showed heavily labeled modified primary walls, younger protoxylem elements showed weaker labeling in the modified primary walls, and mature metaxylem elements were labeled only in the cell corners. These observations demonstrate a clear lack of a correlation between GRP 1.8 deposition and lignification in bean hypocotyls. In addition, according to the literature, the primary walls of protoxylem are not lignified (O'Brien 1970 (O'Brien ,1974 Esau and Charvat, 1974; Catesson, 1983) . The interesting speculation that GRP 1.8 might protect cell walls from lignification was discarded, however, because the unlignified pit membranes between conducting xylem elements were not labeled with the antibody against GRP 1.8.
Localization of GRP 1.8 on tissue prints of different developmental stages showed that lignin and GRP deposition always occurred at the same time in xylem. However, in phloem GRP 1.8 was deposited before lignification of this tissue could be detected. This observation agrees with that of , who found a very similar deposition pattern of a GRP 1.8-related protein in soybean.
Possible Functions of GRP 1.8
It is not known either why large amounts of GRP 1.8 are deposited in the primary walls of protoxylem cells or when this deposition occurs during the terminal differentiation of these cells. Our preliminary results suggest, however, that GRP 1.8 accumulates relatively late in dying or already dead cells and is synthesized at least in part by adjacent xylem parenchyma cells. These observations suggest a repair or "filling-in" mechanism for the primary walls of dead protoxylem cells that are subjected to intense passive stretching.
We could not detect GRP 1.8 in significant amounts either in primary walls of living proto-and metaxylem cells or in their dictyosomes. There are at least two possible explanations for this observation. First, GRP 1.8 might be in a different (for the antibody) undetectable conformation in the primary wall as long as this wall is not hydrolyzed. If so, one would expect to observe a strong labeling of the hydrolyzed pit membranes and labeling of the dictyosomes of living cells. Second, GRP 1.8 might be added to the primary xylem wall only after cell death. We think that G R P 1.8 is produced by xylem parenchyma cells and is then secreted into the wall of neighboring xylem elements. This view is corroborated by the labeling of dictyosomes in xylem parenchyma cells, neighboring strongly labeled protoxylem cells. In the xylem parenchyma cells that are actively producing GRP 1.8, no labeling was detected in the walls or in any other cell compartment except the labeled cell corners, the dictyosomes, and, to a lesser extent, the endoplasmic reticulum. Xylem parenchyma has long been known to export certain substances such as gums and resins during the formation of heartwood (Esau, 1965 ). Therefore, it seems possible that these cells also secrete protein.
The export of GRP 1.8 from xylem parenchyma to tracheary elements after their death would have interesting consequences for the possible roles of GRPs. At the time when protoxylem becomes functional, it has lost its cell content and also the possibility of plasticizing its primary wall between lignified secondary thickenings. Thus, at the developmental stage when the tracheary element is elongating rapidly, GRP 1.8 might diffuse from the outside into the primary wall and provide elasticity to the stretching wall.
METHODS
Plant Material
Phaseolus vulgaris (cv Tendergreen) was soaked in water for 24 hr and grown in Perlit in the dark at room temperature. Hypocotyls, 5-, 6-, 7-, and 15-cm long, were used for the ultrastructural localization of the glycine-rich cell wall protein. 
Electron Microscopy
For transmission electron microscopy, 1-mm sections from the middle region of hypocotyls were cut into sectors in glutaraldehyde (2% in phosphate buffer, pH 7.5,0.066 M) and fixed at 4OC for 105 min. Some of the sections were postfixed with 1% OsO, for 1 hr at 4OC. After dehydration with ethanol at room temperature, the material was embedded in Lowicryl K4M (only glutaraldehyde-fixed material) and Spurr's standard epoxy resin (material fixed by glutaraldehyde and OsO.,). The epoxy resin was polymerized at +7OoC for 13 to 18 hr. Lowicryl K4M was polymerized by UV illumination first at -3OOC for 15 hr and then at +2OoC for 13 hr.
lmmunogold Labeling
With minor modifications, the conditions established by Stafstrom and Staehelin (1988) for the ultrastructural localization of extensin were used. Ultrathin sections of silver to gold interference color were harvested on Formvar-coated Ni-grids, treated for 15 min on drops of NH4CI (50 mM) to block aldehydes, treated for 15 min with BSA (100/0) in Tris-buffered saline (TBS is Tris 20 mM, NaCl 500 mM, pH 7.5) to block unspecific adsorption of antibodies, incubated with the primary antibody diluted with TBS-BSA (for 2 hr at room temperature or overnight at 4OC in a humid chamber), washed 3 x 10 min on TBS with shaking, incubated for 2 hr at room temperature with the secondary antibody (10 nm gold-goat anti-rabbit) diluted with TBST-BSA (TBST is TBS containing 0.5% [w/v] Tween) to an optical density of 0.1 (k = 525), washed severa1 times with TBST, and finally with distilled water before air drying for at least 30 min. In a first experiment, primary antibody was used at dilutions of 1:1000, 1:100, and 1:lO. As the results were qualitatively similar in all three experiments, a dilution of 1:lOO was selected and used in most experiments described in this paper. Material embedded in Spurr's epoxy resin was stained with uranyl acetate (2% in distilled water) and alkaline lead citrate for 15 min each.
Material embedded in Lowicryl K4M was stained with the same reagents but for shorter times, 5 and 1 min, respectively. Controls were run with rabbit serum in TBS-BSA to check for nonspecific adsorption of primary antibody and with TBS to control nonspecific adsorption of secondary antibody-colloidal gold conjugates.
Quantification of lmmunogold Labeling
For the quantification of immunogold labeling, a standard magnification of 20000 was chosen, and the lens currents were slowly reversed three times before taking micrographs to minimize the influence of hysteresis. Gold particles were counted on prints (total magnification of 43300), and surfaces were measured by point counting according to established stereological methods with a multipurpose grid (Weibel, 1979) . A surface containing at least 200 points corresponding to 8.2 pm2 was defined as a sample. Background labeling was determined for each cell compartment individually. A one-group t test was used to compare the mean values obtained for each cell compartment (after subtraction of background) with the mean values of a reference compartment (vacuoles of living cells).
